The shape of the beam profile of a discharge excited XeCl excimer laser using a spiker-sustainer electrical circuit has been varied from a 'bell'-, through a 'top-hat'-, to a 'camel-back'-profile by varying the delay between the spiker pulse and the maincurrent with the circuit operating in the charge-mode. Fine-tuning of the beam profile can be done by varying the charging voltage of the main pulse forming network or the temperature of a gas purifier regulating the Xe and HCl partial pressures.
Introduction
The shape of the beam profile of a XeCl laser is of increasing importance for many industrial applications. In most cases, where stable resonators are used, the beam of a XeCl laser is rectangular reflecting the transverse dimensions of the discharge. The laser intensity distribution has a more or less rectangular shape in the direction of the electric field of the discharge and some sort of a bell shape in the other transverse direction. The latter shape depends on factors like the contours of the discharge electrodes and the distribution of the pre-ionisation electron density prior to the breakdown of the discharge. A number of techniques are used to reshape the beam to the desired profile. These include optimisation of the contours of the discharge electrodes and the application of diffractive optics.
In this communication we describe a method to finetune the shape of the laser intensity profile during operation of the laser without the need of any additional optics. For this we intentionally postpone the start of the discharge in a high-pressure mixture of HCI, Xe and Ne after application of a spiker-pulse initiating the breakdown [ 11. During this delay the electron distribution in the direction transverse to the electrical field, just after completion of the electron avalanche, will change to the desired shape. The profile of the laser beam is determined by the power deposition profile given by P = e n, p( E/N) E2, where e is the electron charge, n, the electron density, p(E/N) the electron mobility, and E the electric field. Therefore the beam profile will depend on the spatial dependency of the electrical field and on the electron density distribution during the main discharge. The reshape of the spatial distribution of the electron density is caused by a spatial and time dependent loss of electrons by dissociative attachment to vibrational excited HCl [ l-31. Also a spatial dependent step-wise ionisation of Xe* could cause a spatial redistribution of electrons during the electron decay between the two discharges. The spatial distribution of the EIN is mainly determined by the shapes of the electrodes which was held constant during these experiments, so the beam profile depends essentially on the electron density profile.
Experimental configuration
The experiments have been performed with a XeCl laser system having a 3 cm X 2 cm X 80 cm (electrode distance X width X length) high pressure discharge pre-ionised by a 50 ns duration X-ray pulse. The mixture consisted of Xe, HCl and Ne at a total pressure of 5 X lo5 Pa. The partial pressures of Xe and HCl could be varied with an Oxford Lasers gas purifier model GP2000 by adjusting the temperature of a condensing surface. Details of the construction of the laser head and the X-ray pre-ioniser have been published previously [ 451. Although it can be expected that the experimental results described in this paper depend on the distribution of the electrical field in the discharge region and hence on the shape of the electrodes we did not vary the electrode structure in our laser. The electrodes used were a nickel uniform field electrode embedded in a PVDF insulator and a flat aluminium electrode that was 1 mm thick in a 2 cm wide slit in order to transmit the X-ray pre-ionisation pulse. Fig. 1 shows the crosssection of the laser head. The laser head is part of a wind tunnel (not shown) to allow high-repetition rate operation of the laser [4] . The resonator consisted of a 10 m radius concave total reflector and a flat 50% reflecting outcoupling mirror separated 120 cm. The discharge was excited by a spiker-sustainer circuit using a 'race-track' saturable inductor as the low-inductance main switch. Fig. 2 shows the electrical circuit schematically. The laser could operate in the 'resonant overshoot mode' [6] and in the 'charge mode' [7] . The spiker circuit includes a one-step pulse compression circuit that has two functions: Firstly, it increases the rise time and duration of the current pulse through the spiker thyratron which helps to increase the life time of this thyratron at high repetition rate operation and secondly it plays an important role when the circuit operates in the charge mode. Typical wave forms of the voltage, current, and laser output are shown in Fig.  3 where the laser operates in the charge-mode. Fig. 4 shows wave forms for resonant overshoot operation. It can be seen from Fig. 3 that for charge-mode operation the discharge current starts a few tens of nanoseconds after the breakdown caused by the spiker pulse. This can be explained as follows [ 7, 8] : The saturable inductors, L, and L,, are initially in the reversed saturated state caused by the PFN-charging current that still has a non-zero value. For charge mode operation it is essential that the spiker is fired a few hundred of nanoseconds -- before the charging current of the PFN capacitor, Q,,, crosses zero. When, after pre-ionisation, the spiker thyratron fires, the voltage on the capacitor C, of the pulse compression circuit changes from a negative voltage, which is equal to the PFN charging voltage, to a positive value in about 100 ns. Because the PFN charging current is still flowing and L, is brought into a high inductive state by the spiker circuit, effectively isolating C, from the PFN, the voltage across C, swings to a high negative voltage because of resonant charging of C,. After this voltage swing, the inductor L, saturates again and C, is discharged into the peaking capacitor, C,, resulting in the short rise-time, high negative voltage spike that is characteristic for the charge mode. It is essential for both the charge-and the resonant overshoot mode that the charging current of the PFN flows through the saturable inductors as indicated in Fig. 2 . This results in a reset of the cores in the correct direction prior to the shot. After breakdown of the gas by the spiker pulse, the saturable inductor L,, which acts as the main switch, must be brought into a low inductive state by saturation of the core in the forward direction in order to discharge the PFN capacitor, C,,. When the circuit operates in the resonant overshoot mode the core is saturated in the correct direction when the PFN cur rent starts to flow. (The is true when the breakdown voltage is Iower than the maximum voltage that the spiker circuit can generate when the discharge has an infinitive impedance (i.e. no pre-ionisation)
[ 81) . In this case no delay occurs. In case of charge mode operation, however, the core has to be set into the forward direction after the spiker voltage pulse. This causes a delay of a few tens of nanoseconds. This delay depends on the voltage across the inductor Lp, which is almost equal to the PFN voltage, Vpfn, prior to the break down. Fig. 5 shows voltage-and current wave forms at several PPN charging voltages. Fig. 6 depicts the delay as a function of V&. The laser generates an output energy of about 1 J at an efficiency of 2% for a charging voltage of about four times the DC-breakdown voltage ( -4 kV) and 0.6 J at 3% efficiency for twice the DC-breakdown voltage where the pulse forming network impedance is matched to the discharge impedance (Fig. 7) and no current reversals appear as shown in output energy are slightly higher, because with charge mode operation, the spiker must be fired just before the charging of the PFN capacitor has been completed. For both the resonant overshoot and the charge mode the delay of the spiker thyratron relative to the trigger of the main thyratron had to be adjusted within a window of about 50 ns around the optimum [ 71.
Experimental results
In Fig. 8 we show scans of the output beam in a direction transverse to the electrical field at several values of the PFN-charging voltage and at a purifier temperature of 114 K. The laser operated in the charge mode. It is clear that at low charging voltages, which causes a long delay between gas breakdown and cur- rent-rise, a dip in the centre of the laser beam can be observed. This dip can be eliminated by increasing the charging voltage and thus decreasing the delay. The same effect can be obtained by varying the temperature of the purifier. Fig. 9 shows scans at several purifier temperatures at a constant charging voltage of 15 kV. Fig. 10 shows a typical scan for the laser operating in the resonant overshoot mode. A bell-shape profile was observed for all PFN charging voltages and purifier temperatures within the constraints of a stable discharge. This was expected because no delay between the spiker-and the main discharge was present when the laser operated in the resonant overshoot mode.
Following Treshchalov and Peet [ 31, the modification of the spatial distribution of the discharge can be explained by examining the time-and spatial dependencies of the densities of electrons, n,(x, t) , and vibrational excited HCI (u > 0)) [HCl] (x, t). A simple model consisting of two coupled rate equations illustrates the mechanism: 11 . Decreasing the delay, by raising the PFN charging voltage, results in a less deformed electron density profile yielding a smaller dip in the laser output beam. This is also found experimentally as shown in Fig. 8 . An increment of the HCl partial pressure in the gas mixture of a few tens of a hPa increases the initial HCl( u > 0) density slightly. For a given delay between the spiker-and the main pulse the evolution of the electron density profile speeds up, which results in a more pronounced dip in the beam profile. This is in qualitative agreement with the observations presented in Fig. 9 . When the laser operates in the resonant overshoot mode the wave form of the spiker voltage differs from the voltage wave form of the spiker pulse for charge mode operation. For the resonant overshoot mode the voltage changes polarity and the rise time and break down voltage are less compared to those of the charge mode waveform. Because of this the initial values and spatial dependency of several species in the gas discharge will differ for the two modes resulting in a different profile of the initial HCl( u > 0) density. However, this cannot explain the absence and the appear-,OOfl ante of the dip in the profile of the beam for the overshoot-and charge mode operation respectively.
Conclusions
In conclusion we have demonstrated that the beam profile of a XeCl excimer laser in a direction transverse to the electric field of the discharge can be varied by delaying the main discharge current in respect of the spiker pulse exciting the discharge. This can be done by operating the laser in the charge-mode in which mode the saturation of a saturable inductor in the opposite direction after the initiation of the discharge causes the delay. Modification of the beam-shape can also be obtained by variation of the partial HCl pressure.
The evolution of the beam profile from a "bellshape", through a "top-hat" to a "camel-back" profile during the delay has been explained by a spatial redistribution of the electron density caused by dissociative attachment to vibrationally excited HCl. This mechanism can be used to fine-tune the beam profile to the desired shape during operation of the laser. It is expected that this can be applied to a number of applications involving high repetition rate XeCl lasers.
